The aim of this study was to assess whether high-resolution impedance manometry (HRIM) could be used to assess bolus retention similar to the timed barium esophagram (TBE).
INTRODUCTION
Achalasia is diagnosed by demonstrating dysfunction of lower esophageal sphincter relaxation and aperistalsis in the absence of a mechanical obstruction. Th e major diagnostic modalities used to establish the diagnosis and manage the disease are endoscopy, timed barium esophagram (TBE), and esophageal manometry. Although each of these tests has unique attributes that make them valuable, there is a signifi cant overlap in the information acquired and many patients eventually end up having all three tests performed. Endoscopy is essential as it provides a method for ruling out obstruction or pseudoachalasia and, thus, it is required before defi nitive therapy can be rendered. On the other hand, manometry or barium esophagram can both be diagnostic and therapy could be instituted when either of these tests is abnormal. However, current guidelines still emphasize that manometry is the " gold standard " and that this should be obtained to confi rm the diagnosis as it is defi ned by abnormal motor function ( 1 ) .
In terms of follow-up, there is less evidence supporting the use of manometry and previous data using a TBE protocol have shown it to be helpful in evaluating treatment success ( 2, 3 ) . Bolus retention on TBE is a useful metric in assessing treatment outcome in that it can identify patients at risk for requiring further treatment. Although an esophago-gastric junction (EGJ) pressure of < 10 mm Hg aft er treatment has also been identifi ed as a predictor of good outcome ( 4 ) , there are confl icting reports regarding the utility of this measurement in the evaluation of patients aft er treatment ( 5 ) . Th us, the standard follow-up for achalasia is not well defi ned.
Given recent advances in manometric techniques, we hypothesized that high-resolution manometry combined with impedance could be leveraged to provide a more comprehensive assessment of outcome than TBE or manometry alone. Recently, our group reported that high-resolution manometry could complement other functional studies in assessing achalasia treatment outcomes ( 6 ) . However, bolus retention on TBE still appeared to be an important outcome measure, as it did not always correlate with manometric fi ndings. Previous studies have attempted to use impedance to assess bolus retention and outcomes in achalasia. However, the methodology and analysis were hampered by the low baseline impedance value and confounding air entrapment ( 7, 8 ) . Hence, our aim was to develop and validate a new strategy to assess bolus retention with a modifi ed esophageal pressure-impedance topography protocol using 200 ml of saline and assessing impedance bolus height (IBH) at the same time intervals as those used in the standard TBE protocol.
METHODS

Subjects
Twenty achalasia patients (11 males; 21 -79 years of age) were prospectively studied. All 20 patients underwent endoscopy, HRIM, TBE, and symptom assessment using the Impaction Dysphagia Questionnaire (IDQ). Th e endoscopy, TBE, and standard HRIM protocol were part of the clinical evaluation, whereas the questionnaire was part of our ongoing prospective study assessing the correlation between manometric variables and symptom outcomes. Given that we were testing the agreement between HRIM and TBE, a heterogenous patient population was recruited to enrich the data set with untreated and treated achalasics; 10 had received no previous treatment, whereas 10 were previously treated with Botulinum toxin, pneumatic dilation, Heller myotomy, or per-oral endoscopic myotomy. HRM and TBE studies were performed within 1 month of each other and the temporal variability was based on scheduling availability. All subjects gave written informed consent. Th e Northwestern University Institutional Review Board approved the study protocol.
Symptom assessment
Symptoms of dysphagia , chest pain, and regurgitation were assessed with the IDQ using a cumulative score as a descriptor of difficulty in eating, of pain with swallowing, and food impaction. Ten questions with a six-point Likert score (0 -5) rating the frequency (none -daily) and severity (none -severe) of symptoms were used with a scoring range of 0 -50.
High-resolution impedance manometry
HRIM studies were conducted aft er a 6-h fast. Th e HRIM catheter was a 4.2-mm outer diameter solid-state assembly with 36 circumferential sensors spaced 1 cm apart (Given Imaging, Duluth, GA). Th e catheter also incorporated 19 metal rings spaced 2 cm apart to facilitate 18 impedance recordings. Impedance rings were located between pressure sensors such that there were two pressure sensors contained within each ring pair. Th e HRM assembly was calibrated at 0 and 300 mm Hg using externally applied pressure and placed transnasally, positioned to record from the hypopharynx to the stomach with at least three intragastric sensors. Th e manometric protocol included a 2-min baseline recording and 10 5 ml swallows, 5 upright swallows, and the IBH protocol of a 200-ml saline challenge followed by a 5-min observation period ( Figure 1 ).
Manometric analysis
Manometry studies were analyzed using ManoView analysis soft ware 3.0. (Given Imaging). Key pressure topography metrics analyzed were the following: integrated relaxation pressure (IRP), the peristaltic integrity using the 20-mm Hg isobaric contour, the distal contractile integral, contractile front velocity, and the distal latency ( 9 ) . Th e central metric in cases of achalasia is the IRP, which quantifi es EGJ relaxation both in completeness and persistence. Additional measures of EGJ function analyzed were the mean resting EGJ pressure during expiration during the 2-min baseline recording and the mean nadir EGJ relaxation pressure among the 10 swallows measured using the isobaric contour tool of the ManoView soft ware.
Pressure patterns within the esophagus were characterized according to the Chicago Classifi cation metrics ( 9 ) . Th e criteria used for defi ning type I achalasia in untreated patients were an IRP ≥ 10 mm Hg and 100 % failed peristalsis ( 10 ) . Pretreatment type II achalasia was defi ned by an IRP ≥ 15 mm Hg and panesophageal pressurization in ≥ 20 % of test swallows. Th e presence of premature contractions with ≥ 20 % of the test swallows and no normal peristalsis was consistent with type III achalasia, whereas swallows associated with some degree of preserved peristalsis not exhibiting premature contractions was considered an EGJ outfl ow obstruction ( 11 ) . With post-treatment patients, the same defi nitions were used with the caveat that patients would no longer be categorized as having an achalasia subtype if the post-treatment IRP was < 10 mm Hg ( 12 ) . Hence, aft er treatment, patients were categorized as persistent achalasia pattern (type I, II, or III) or resolved achalasia pattern with a description of the current manometric profi le using the Chicago Classifi cation defi nitions. We emphasize that persistent or resolved achalasia patterns do not indicate a resolution of the achalasia disease process.
IBH analysis
Th e IBH was measured using two methods ( Figure 2 ) that diff ered in how they calibrated the impedance signal for bolus presence and absence. Th e fi rst method (impedance topography) used the average impedance nadir measured 3 cm proximal to the EGJ during the fi rst three swallows of the 200-ml saline challenge using the impedance topography format. Th is nadir impedance value was then used as the lower limit for liquid presence in the color scale. Th e upper limit for liquid presence was then arbitrarily set at the nadir impedance plus 1,000 Ohms, visually evident by loss of the purple color. Th e 1,000-Ohm value was chosen because it clearly distinguished liquid from mucosa or air. Th e height of the impedance bolus was
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then measured with the smart mouse tool from the proximal aspect of the EGJ high-pressure zone to the top of the purple topographic signal. Th e second method (spatial impedance variation plot) for measuring IBH also used an average impedance nadir measured 3 cm proximal to the EGJ during the fi rst three swallows of the 200-ml saline challenge. However, the average nadir impedance was used as a threshold for liquid using a spatial impedance variation plot that displayed impedance change along the luminal axis. Th is is analogous to assessing bolus presence on conventional impedance tracings using a 50 % change in impedance value as the indication of liquid clearance. Both methods of IBH measurement were performed at 1 and 5 min during expiration.
Th e IBH measurement was also used to quantify the rate of esophageal emptying. A unique metric was devised by plotting the IBH over time at 30 s intervals and calculating the area above the proximal aspect of the EGJ, consistent with liquid presence (impedance bolus area). We also calculated the time to half IBH reduction to distinguish subjects with slow emptying from those who have bolus retention with no evidence of emptying.
Timed barium esophagram
TBEs were performed in the upright position to obtain frontal spot fi lms of the esophagus at baseline, 1 min, and 5 min aft er ingestion of 200 ml (sometimes limited by patient tolerance) of low-density (45 % weight to volume) barium sulfate. Th e height of the barium column, measured vertically from the axial position of the EGJ, was calculated using a standard reference scale placed directly on the patient and rounded up to whole centimeters. Th e maximal esophageal diameter was measured along the esophageal body perpendicular to the axial plane of the esophagus. All measurements were performed by a blinded investigator (JEP) and confi rmed by the offi cial radiology report.
Statistical analysis
Data from the HRIM assessment were analyzed separately (no knowledge of TBE results) by two reviewers in a blinded manner to assess the interobserver reproducibility. Th e mean value of the two reviewers for the HRIM measurement of IBH was used for the comparison with TBE. All continuous variables The IBH protocol starts with the patient ingesting 200 ml of saline and recording for 5 min once the swallow challenge is complete. The height of the bolus retained after a swallow can be visualized using the impedance topography color plot highlighted by the purple color. The impedance range for the impedance topography plot is determined by the nadir impedance value that is calculated as a mean value of the fi rst three swallows at the distal esophagus 3 cm above the EGJ. The impedance range is set at the nadir impedance (0.35 kOhms) plus 1,000 Ohms to highlight an interface between liquid and mucosa / air. The yellow circles represent measurements of the IBH at 30 s intervals. The timed barium esophagram (TBE) images at 1 and 5 min are shown in the same patient to highlight the correlation between TBE and IBH.
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were expressed as median (25 -75th percentile). Two sample comparisons utilized the Mann -Whitney test with signifi cance set at P < 0.05 for both. Categorical variables were compared using the χ 2 -test. Correlation between the various pressure topography and TBE metrics was calculated using the Pearson correlation. Th e agreement between the HRIM measure of IBH and TBE was assessed by two sample comparisons. Th e data for IBH and TBE height were presented as whole centimeters based on the fact that the heights measured were completed as whole centimeters.
RESULTS
Th e study population consisted of 10 untreated patients (age range: 33 -79 years; 8 males) and 10 post-treatment patients (age range: 21 -67 years; 3 males). Th e demographics, symptom scores, and baseline manometric features of the untreated and treated patients are presented in Table 1 . Th e treatments rendered were pneumatic dilation ( n = 2), laparoscopic Heller myotomy ( n = 3), and per-oral endoscopic myotomy ( n = 5). Th ere was a signifi cant diff erence in the median IRP, expiratory EGJ pressure, and sex distribution between the untreated and treated patients ( Table 1 ) .
Impedance bolus height
Th e median nadir impedance value used for both methods to assess IBH was 0.27 kOhms (interquartile range (IQR), 0.19 -0.45). Th ere was excellent correlation of this measurement with a second blinded investigator (0.91) and the median disagreement was 0.0 kOhms (IQR, − 0.03 to 0.05 kOhms). Similarly, on applying this value to the calculation of IBH using the impedance topog- Techniques used for measuring impedance bolus height (IBH). The high-resolution impedance manometry (HRIM) catheter is oriented to have impedance recording sites spaced 2 cm apart and positioned through the esophago-gastric junction (EGJ) and UES. The impedance tracing format is overlaid on top of the HRIM topography plot to illustrate the 2-cm incremental changes in impedance data through the body of the esophagus. The two HRIM impedance techniques used to measure the IBH utilize the nadir impedance to highlight the interface using the impedance color topography contour plot (method 1) and the spatial impedance variation plot (method 2). The impedance topography method (middle) utilizes a smart mouse tool to measure the distance from the proximal aspect of the EGJ to the top of the topographic color change during end expiration (white dashed box). In this example, the measurement is 9.0 cm. The spatial impedance variation plot is shown on the right and presents the instantaneous impedance change along the axial length of the esophagus (green line). Interpolation is used to smooth out the curve and the range for the impedance measure is set at the nadir impedance to delineate the infl ection point at which the liquid interface occurs. The IBH is measured by determining the location along the catheter where the nadir impedance infl ection occurs to signify the top of the bolus. The height is measured using the catheter sensors as a measurement reference and in this case the height is 9.0 cm.
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HRIM versus TBE 1.0 cm (range: 0 -1.0 cm)). Th e correlation between the impedance topography method (method 1) and the spatial impedance variation plot approach (method 2) for measuring IBH was excellent at both the 1-min ( R = 0.99) and the 5-min ( R = 0.99) time point. Th e range of discrepancy at 1 min was 0 -2.0 cm and at 5 min was 0 -2.0 cm. Th e variability between IBH and barium column height at 1 and 5 min is illustrated in Figure 3 . At 1 min, there were seven values that diff ered by greater than 5 cm between the two measures and fi ve of these would have resulted in nonconcordant data for bolus retention using a 5 cm cutoff . At 5 min, only three measures differed by more than 5 cm and there was 95 % concordance using 5 cm as a cutoff value for bolus retention.
Agreement between IBH and TBE
Correlation between IBH and outcome measures
Th e correlation between IBH at 5 min and IDQ score was fair-tomoderate with an R value of 0.49. Th e correlation between IBH at 5 min and measures of EGJ function on HRM was fair (IBH-IRP, R = 0.39; IBH-EGJ expiratory pressure, R = 0.40). Th e correlation between IDQ score and barium column at 5 min was fair with an R value of 0.35. Th e correlation between barium column height at 5 min and IRP was also fair ( r = 0.36); however, the correlation between barium column at 5 min and EGJ basal pressure was weak ( R = 0.15).
Impedance topography as a surrogate for bolus emptying
Assessing IBH as a function of time provided an estimate of bolus emptying rate. Of the 20 patients, 8 achieved a half reduction in IBH during the 5 min and the median IDQ scores for these patients showed a trend toward a lower IDQ score compared with those who did not achieve a half reduction in IBH ( t − 1 / 2 less than 5 min, IDQ = 9 (IQR, 2.8 -15.5); t − 1 / 2 greater than 5 min, IDQ = 21 (IQR, 13.8 -27.8); P = 0.08). Th e correlation of t − 1 / 2 IBH and IDQ was fair with an R value of 0.40. However, this was likely limited by the fact that the study was conducted for only 5 min.
Th e impedance bolus area aft er the 200-ml saline challenge was also assessed to determine the dynamics of bolus retention. Th e median value for the impedance bolus area was 3264 cm s (IQR , 1,680 -5,100 cm s). Th ere was a fair-to-moderate correlation between impedance bolus area and IDQ with an R value of 0.48.
DISCUSSION
Th e aim of this study was to assess whether new metrics devised for HRIM could be used to assess bolus retention comparable raphy method, there was an excellent correlation between the two reviewers at 1 min ( r = 0.97) and 5 min ( r = 0.99). Th e median disagreement between the two reviewers was minimal (1 min, 1.0 cm (range: 0 -3.0 cm); 5 min, 0 cm (range: 0 -2.0 cm)). Th e calculation of IBH using the spatial impedance variation plot technique also found an excellent correlation at 1 min ( r = 0.99) and 5 min ( r = 0.99). Th e median interobserver disagreement with this method was also minimal (1 min, 1.0 cm (range: 0 -1.0 cm); 5 min, to barium retention on TBE. Th e major fi nding was that IBH at 5 min had good agreement with barium column height measured at 5 min using fl uoroscopy during a standard TBE protocol. In addition, IBH was signifi cantly correlated with both symptoms and other manometric predictors of successful treatment outcome within a range that was similar to TBE. Hence, IBH obtained during a standard HRIM protocol can be used to simultaneously assess bolus retention and manometric parameters in achalasia. Although this is not the fi rst study to evaluate impedance or high volume swallows in achalasia, it is the fi rst to combine the two techniques into a standardized measurement tool that provides important functional and clinical outcome data. Previously, Tutuian et al. ( 13 ) reported that abnormal bolus transit was found uniformly in achalasia. Similarly, the same group of investigators reported that low baseline impedance was associated with chronic fl uid retention and elevated intra-esophageal pressure ( 8 ) . Conchillo et al. used simultaneous impedance and fl uoroscopy to assess concordance of barium clearance time and impedance depiction of height, and showed a modest correlation at 10 min with an r value of 0.65. Paralleling this in time, HRM was becoming increasingly widespread in clinical application. Using HRM, Fox ( 14 ) reported on the utility of using free water swallows at the end of the standard protocol to assess bolus stasis and esophageal pressurization in achalasia. Th us, it was a natural progression that HRM would be combined with impedance to assess esophageal function in achalasia as investigators began looking into the mechanism of esophageal emptying in type II achalasia ( 15, 16 ) .
We sought to combine the novel observations found using impedance and manometry by previous investigators into a combined objective measurement that would complement both techniques. Given the previous work by Vaezi et al. ( 2, 3 ) demonstrating that bolus retention on TBE was an important clinical outcome measure, it was logical to attempt to simulate a clinical TBE protocol using HRIM. Th us, we developed new measurement tools focused on IBH aft er a 200-ml saline challenge (IBH). We found good agreement between the two techniques despite diff erences in density between the saline and barium boluses and also determined that IBH can be performed easily with good reproducibility. Th e 5-min measurement point was more concordant between IBH and TBE, suggesting that the 5-min time point is much more stable and that emptying may be more variable during the initial few minutes aft er the swallow. In addition, we found that the prolonged monitoring of the IBH could be leveraged to assess the rate of esophageal emptying similar to a gastric empty study by determining the time at which the impedance column would be reduced to half of the initial height.
Th ere has been a longstanding debate regarding the optimal test to evaluate treatment outcomes in achalasia. Both TBE and HRM are extremely helpful and complementary in terms of the information that they provide; however, both tools have limitations. Barium esophagram requires radiation exposure and does not provide quantitative information regarding the contractile activity within the esophagus. Manometry may be diffi cult to perform in a dilated esophagus and data on bolus retention are diffi cult to ascertain. HRIM circumvents some of these limitations and provides a more global assessment of esophageal function that could be used as a single test. Th is technique provides the important manometric data used to assess treatment eff ect during the standard protocol and this is complemented by data on bolus retention following the 200-ml saline challenge. Our previous fi ndings suggest that resolution of the achalasia pattern on pressure topography was an important predictor of treatment outcome and that this was complementary to TBE and standard HRM variables ( 12, 17 ) . In addition, an evaluation of contractile activity during the 200-ml bolus challenge provides further information regarding mechanisms of emptying and potential refl ux as the cause of ongoing symptoms. In our data set, there were two instances in which the IBH changed due to refl ux events during the 5-min protocol and these two patients were noted to have esophagitis on endoscopy.
Th ere are certain limitations to using impedance in achalasia and these were highlighted by Conchillo et al. ( 7 ) . Th e precise location of the liquid column can be diffi cult to ascertain on impedance as there is air trapping and pooling of saliva in the esophagus. However, the nadir impedance method improved confi dence that liquid was present and resulted in very good correlation with the TBE height at 5 min. In addition, the accuracy of the impedance component is limited by the 2-cm electrode spacing, thereby limiting the resolution of the measurement. However, the relevance of a 1 -2-cm diff erence on a TBE study is unlikely to be clinically important.
In conclusion, our fi ndings suggest that HRM with impedance using a 200-ml saline challenge can be leveraged to provide a global assessment of esophageal function in achalasia before and aft er treatment. Th is tool can be used to assess most of the clinically important parameters associated with achalasia outcome: (i) EGJ relaxation pressure, (ii) expiratory EGJ pressure, (iii) intraesophageal pressure, (iv) contractile pattern, (v) achalasia subtype, and (vi) bolus retention at 5 min. Although assessment of dilatation and sigmoid deformity by TBE are important in clinical decisions, this information is typically most crucial during the initial evaluation and can be largely obtained during endoscopy. Future studies focused on determining whether applying this HRIM protocol is more eff ective than obtaining a single TBE or HRM are warranted to provide further evidence of which strategy is most eff ective.
